Saturation magnetization and magnetic anisotropy have been studied during mechanical alloying of Fe 75 Nb 10 B 15 alloys prepared using crystalline and commercial amorphous boron. The evolution of saturation magnetization indicates a more efficient dissolution of boron into the matrix using amorphous boron, particularly for short milling times. The magnetization of the crystalline phase increases as boron is incorporated into this phase. Two milling time regimes can be used to describe the evolution of magnetic anisotropy: a first regime governed by microstrains and a second one mainly governed by crystal size and amorphous fraction. V C 2013 American Institute of Physics.
The use of amorphous boron powder enhances mechanical alloying in soft magnetic FeNbB alloy: A magnetic study Saturation magnetization and magnetic anisotropy have been studied during mechanical alloying of Fe 75 Nb 10 B 15 alloys prepared using crystalline and commercial amorphous boron. The evolution of saturation magnetization indicates a more efficient dissolution of boron into the matrix using amorphous boron, particularly for short milling times. The magnetization of the crystalline phase increases as boron is incorporated into this phase. Two milling time regimes can be used to describe the evolution of magnetic anisotropy: a first regime governed by microstrains and a second one mainly governed by crystal size and amorphous fraction. Amorphous and nanocrystalline Fe-based soft magnetic alloys have deserved the attention of the scientific community since the discovery of Metglas and Finemet 1,2 systems. These two systems, and other similar ones produced by ultra rapid quenching techniques, must include metalloid elements in their compositions, such as B, Si, P, to enhance the glass forming ability. In the case of boron addition to Fe-based amorphous alloys, magnetic properties are also enhanced for boron contents up to $30 at. %.
Systems produced by rapid quenching techniques are generally limited in shape to wires or ribbons, as one of the requirements for rapid heat transfer is a high surface to volume ratio. In order to overcome this limitation, powder metallurgy is an attractive way to produce these alloys. In fact, mechanical alloying has been shown to be very effective in producing amorphous phases in a wide compositional range, which can overlap with those obtained by rapid quenching. 3 However, properties such as Curie temperature of boron containing alloys produced by ball milling from pure powders indicate that the boron content of such amorphous phases does not correspond to the expected value for the nominal composition. 4, 5 Recently, the presence of remaining inclusions of almost pure boron was observed even after long milling times, 4 which must affect the actual composition of the amorphous phase.
With the aim of exploring the effect of these inclusions on the magnetic properties, in this work we study the amorphization of Fe-Nb-B alloy using two different types of commercial boron, as well as a boron free Fe-Nb alloy for comparison.
II. EXPERIMENTAL
Two Fe 75 Nb 10 B 15 alloys were prepared using Fe and Nb powders (!99% purity) and (a) commercial amorphous boron (95%-97% purity), denoted as a-B alloy, and (b) crystalline boron (!99% purity), denoted as c-B alloy. Fe 75 Nb 10 alloy (denoted as n-B) was also prepared for comparison. A mixture of elemental powders was used as starting material for milling in a planetary mill Fritsch Pulverisette 4 Vario, with steel balls and hardened steel vials. Experimental conditions were powder mass 30 g, ball to powder ratio 10:1, rotational speed of the main disc 350 rpm and rotational speed of the vials 700 rpm in opposite direction. Hysteresis loops at room temperature were recorded using a Lakeshore 7407 vibrating sample magnetometer (VSM) with a maximum applied field of H ¼ 1.5 T. Saturation magnetization, M S , was obtained from the extrapolation of high field magnetization curves, M(H), to zero field. Powder particles were glued to prevent particle rotation. 6 X-ray diffraction (XRD) was performed using Cu-Ka radiation. In the XRD patterns, amorphous phase can be recognized by a broad halo due to the short range order existing in this phase. These patterns were fitted in the angular range 25<2h<60 using a Lorentzian profile to represent the crystalline phase and a Gaussian profile to the amorphous halo. 7 Therefore, the crystalline fraction, X C , was estimated as the area ratio of the (110) diffraction maximum of the a-Fe type phase and the sum of this area and the corresponding one to the amorphous halo. Error of X C decreases as X C decreases from $15% (X C $ 0.8) to $1% (X C < 0.1). Microstrains and crystal sizes were estimated with Topas program 8 using Pawley method. 9 Errors in microstrains and crystal size are always below 7% and 12%, respectively.
III. RESULTS AND DISCUSSION
The boron containing alloys developed an amorphous phase during milling, with a larger fraction for the a-B alloy. In the case of n-B alloy, a bcc-Fe(Nb) supersaturated solid solution was observed as the final microstructure. Figure 1 shows XRD patterns for samples milled 40 h. A detailed study of the microstructure evolution with the milling time can be found elsewhere. Figure 2 shows room temperature saturation magnetization, M S , and coercivity, H C , as a function of milling time. An initial decrease in M S can be seen for all alloys. Whereas n-B alloy shows a minimum at 4 h milling and reaches a stable value of 143 6 2 emu/g for longer milling times, B containing alloys exhibit a continuous decrease in M S ascribed to the increase of paramagnetic amorphous phase fraction as milling progresses. Figure 3 shows the relationship between M S and X C (obtained from XRD) for boron containing alloys. In the case of c-B alloy, data follows a linear trend (results from 150 rpm milling, rescaled using the equivalent milling time approach, are also included 11 ). However, in the case of a-B alloy, two linear regions could be established, being the intercept of the linear region for high X C far from zero. During milling, two effects take place: development of a paramagnetic amorphous phase and B enrichment of the crystalline phase. The first one causes a decrease in M S , whereas the second one produces the opposite effect. Therefore, the non-zero intercept is an artifact ascribed to a non constant value of the intrinsic magnetization of the ferromagnetic crystalline a-Fe(Nb,B) phase. In fact, the commercial amorphous boron used is composed of approximately 50% of amorphous phase and 50% of crystalline one. 10 Crystalline boron is hardly incorporated into the matrix, remaining as inclusions even after long milling times. 4, 5 The incorporation of amorphous boron into both phases (amorphous and crystalline solid solution) seems to be more effective, thus a higher boron content in the a-Fe(Nb,B) phase implies a higher value of M S for the same crystalline fraction. This agrees with the experimental results shown in Fig. 3 , where M S for a-B alloy is higher than c-B for any X C value. The linear region for low X C (long milling times) for a-B alloy would occur once the amorphous boron is incorporated, whereas crystalline boron (remaining as inclusions) is hardly incorporated into the matrix, as it occurs in the case of c-B alloy. The rate of incorporation of B from the crystalline inclusions must be too low to significantly affect the magnetization of the crystalline solid solution.
In the case of the evolution of M S for n-B alloy, the main feature is the minimum observed after 4 h milling (Fig.  2) . This minimum agrees with a maximum of the fraction of Fe atoms with very low hyperfine field measured from M€ ossbauer spectrometry, which was described in terms of the ductile Nb crystals deformation and the incorporation of Nb into the matrix. 10 The evolution of H C can be explained in terms of two regimes affecting magnetic anisotropy: 6 for short milling times, magnetic anisotropy strongly depends on the increase of microstrains and, once microstrains are saturated, the evolution of the nanocrystalline microstructure determines the variation of magnetic anisotropy, as described by Shen et al. to the nanometric size of a-Fe crystallites also affects the soft magnetic properties in this region. After the saturation of microstrains, the effective anisotropy is affected by magnetoelastic and magnetocrystalline anisotropies 15 and according to Shen et al., 12 it can be described as a sum of squares: long-range magnetoelastic (K r,ma ), averaged short-range magnetoelastic (hK r,mi i) and averaged magnetocrystalline (hK 1 i) anisotropies. Taking into account that the only ferromagnetic phase is the crystalline one, the expression for K eff is
where k S is the magnetostriction, r ma and r mi are the macroscopic range (corresponding to the powder particle) and microscopic range (corresponding to the crystal) of the fluctuating internal stresses, respectively, D is the average crystal size, X C is the crystalline fraction, and A is the exchange stiffness constant. Plotting K ef f 2 as a function of X C 2 D 3 K ef f 3=2 , a linear trend might be expected, as shown in Figure 3 (b) for milling times above 4 h. From the values of the slope and considering A ¼ 10 À11 J/m, we can obtain the sum of squares of short-range and magnetocrystalline anisotropies: K r , mi 2 þ K 1 2 ¼ 6767, 6165, and 4765 kJ/m 3 for a-B, c-B, and n-B alloys, respectively. These values are of the order of the magnetocrystalline anisotropy of a-Fe.
IV. CONCLUSIONS
Saturation magnetization and magnetic anisotropy evolutions during mechanical alloying process have been studied for three alloys: two Fe 75 Nb 10 B 15 alloys prepared using crystalline and commercial amorphous boron and a third alloy without boron preserving the Fe/Nb ratio. Only the alloys with boron form an amorphous phase, which is paramagnetic at room temperature, whereas boron free alloy yields a supersaturated a-Fe(Nb) solid solution as the final microstructure.
Evolution of saturation magnetization indicates that boron is more efficiently incorporated into the matrix using amorphous boron, especially for short milling times, when the intrinsic magnetization of the crystalline phase might increase as boron enters this phase.
Magnetic anisotropy evolution can be understood distinguishing by two regimes: before and after the saturation of microstrains. The first regime is governed by the progressive increase of microstrains, although a reduction of average magnetocrystalline anisotropy due to crystal sizes reduction down to nanometric scale is also inferred at this stage. The second regime is mainly governed by evolution of crystal size and amorphous fraction with a magnetic anisotropy mainly governed by magnetocrystalline contribution.
